To explore the wheat seedling development and physiological responses under copper contamination and enhanced ultraviolet-B (UV-B) irradiation, 10 mg·L −1 CuCl 2 solution was irrigated to Triticum aestivum L. cv. Linyuan 2069 one day after germination with or without ultraviolet-B (10.08 kJ m −2 ·d −1 ) light exposure, respectively. The results showed that Cu 2+ and UV-B caused various adverse effects on wheat seedling development. Cu 2+ hindered root development by significantly reducing root number, while UV-B dwarfed seedling height and decreased the leaf length. Chlorophyll content and activity of ATPase in thylakoid membrane of wheat leaves dropped significantly under enhanced UV-B while the activity of ATPase in plasma membrane of seedling root was significantly decreased in Cu 2+ group. Relative electric conductivity of leaves significantly increased in both Cu 2+ and UV-B groups, so did the biomass. We also observed that combined Cu 2+ and UV-B showed more adverse effects on wheat seedlings than either of them alone except for root growth.
Introduction
Large areas of soil have been contaminated by heavy metals that are deleterious to the existence, reproduction and development of living organisms including plants, animals and microorganisms. It has even threatened the health of ecosystem and also human beings [1] . Soil may contain elevated levels of copper due to prolonged use of organic fertilizers composed of sewage sludge and poultry manure and some copper containing fungicides, bactericides and pesticide to control diseases [2] . Copper (Cu) is an essential element at low concentration that is involved in a number of physiological process, and also a part of the prosthetic group of many enzymes including ATP synthesis. At the level of whole plants, however, excessive copper reduces iron accumulation, decreases chlorophyll and carotenoids content of Elsholtzia splendens [3] .
Ultraviolet-B (UV-B) light (280 -320 nm) is a natural component of solar radiation. However, with depletion of the stratospheric ozone layer, enhanced levels of UV-B radiation are now reaching the earth's surface [4] . Plants show various responses to these higher levels of UV-B irradiation such as photosynthesis, plant height and total mass production reduction [5] [6] .
Wheat is one of the major cereal crops widely cultivated throughout the world, and its yield is very important for world food security. The effects of enhanced UV-B on wheat growth, physiology, biomass as well as trace element accumulation have been investigated [7] - [9] . Previous studies showed that excessive Cu inhibited root length of wheat and caused a decrease in the lipid to protein ratio as well as a change in the phospholipid composition [10] ; it also reduced plant growth, enhanced electrolyte leakage from cells as well as increased lipid peroxidation and protein carbonylation [11] . Proteome analysis showed that copper stress decreased wheat seedling protein expression which is involved in carbohydrate metabolism, protein metabolism, and photosynthesis [12] . Combined UV-B and copper on growth, oxidative stress and ascorbate-glutathione cycle in two cyanobacteria have been studied [13] . However, studies on the effects of combined UV-B and Cu on wheat development were limited. At the present study, we explored effects of combined Cu and enhanced UV-B radiation on the development of winter wheat seedlings; we also investigated their chlorophyll content, relative electric conductivity and ATP synthase (ATPase) activity.
Materials and Methods

Plant Material and Treatments
Winter wheat (Triticum aestivum L. cv. Linyuan 2069) seeds were provided by the Wheat Research Institute, Shanxi Academy of Agricultural Sciences (SAAS), People's Republic of China. They were selected for uniform size and sterilized for 10 min with 0.1% HgCl 2 and washed for 50 min with running water. Thirty seeds were cultured on wet filter paper in each petri dish (diameter 18 cm) and watered daily in a growth chamber at 25˚C and 70% relative humidity. There were 4 treatments with 3 replications. One day later, germinating seeds were exposed to irradiation treatment according to the light/dark period as given in Table 1 .
The UV-B radiation intensity was 10.08 kJ m . The spectral irradiance from the lamps was determined with an Optronics (Model 742 Optronics Laboratories, Orlando, FL, USA) spectroradiometer. The UV-B radiation was generated by a filtered lamp (30 W, 297 nm, Qin Brand, Baoji Lamp Factory, Baoji City, China). The lamps were hung on the top of the petri dishes and the desired irradiation was obtained by adjusting the distance between the lamps and the petri dishes.
One day later, just as seeds were germinating, Cu 2+ was applied in the form of CuCl 2 with 10 mg/l solution for C and CB group, and the same amount of water was applied for B and CK group ( Table 1) .
Leaf Length, Root Number and Biomass Measurement
On the eighth day of the investigation, twenty seedlings per replication were randomly chosen from each treatment, and seedling leaf length, root number, fresh weight, and dry weight were recorded. CK: distilled water only; C: CuCl 2 application only; B: distilled water with ultraviolet-B radiation; CB: CuCl 2 with ultraviolet-B radiation.
Relative Electric Conductivity and Chlorophyll Content Measurement
On the eighth day of the investigation, relative electric conductivity and chlorophyll content of leaves were measured according to Lee [14] . Leaf discs from each treatment were placed into a glass tube containing distilled water, vacuumed then shaken to measure the initial electric conductivity (S 1 ). Subsequently, the glass tube with leaf discs was heated in boiling water and cooled to room temperature to determine the final electric conductivity (S 2 ). The distilled water was used as the blank (S 0 ). The relative electrical conductivity (REC) was evaluated as REC(%) = (S 1 − S 0 )/(S 2 − S 0 ) × 100. Chlorophyll a and b (chl a and chl b) contents were measured using spectrophotometric method using the following equations after correction with the value measured: chl a = 12.7A 663 − 2.69A 645 ; chl b = 22.9A 645 − 4.68A 663 ; chl a + chl b = 8.02A 663 + 20.21A 645 .
ATPase Activity Measurement
On the eighth day of the investigation, activity of ATPase in thylakoid membrane of leaves as well as in plasma membrane of root cell was measured by amount of liberated inorganic phosphate (Pi) according to Chen [15] . The ATPase activity was expressed in ug Pi per mg protein in 1 min. All experiments were performed in triplicate.
Statistical Analysis
Statistical significance was estimated at p < 0.05 according to Duncan's multiple range test. All data give mean ± SD.
Results
The Effects of Cu 2+ on Leaf Length, Root Number and Biomass of Seedlings under Enhanced UV-B
Cu 2+ and UV-B showed varied effects on wheat seedlings. Cu 2+ solely inhibited the root development, while UV-B dwarfed the shoot and diminished the leaf area. In C group, root number was the least among the 4 groups (p < 0.05), so was the root length (Figure 1) , while under combined UV-B and Cu 2+ , no significant difference was observed compared to the control group (p > 0.05). Leaf length was the highest in the control group, it was significantly lower in B group than C group (p < 0.05), and it was the shortest under combined UV-B and Cu 2+ . Both UV-B and Cu 2+ decreased wheat seedling biomass (both fresh weight and dry weight) compared to the control (p < 0.05) and the lowest biomass appeared in CB group. No significant difference was observed among B, C, and CB groups, though the fresh weight and dry weight were 3.1% and 9.5% lower in B group than C group, respectively (Table 2).
The Effect of Cu 2+ on Relative Electric Conductivity and Chlorophyll Content in Seedling Leaves under Enhanced UV-B
As shown in Table 3 , compared with the control group, relative electric conductivity of leaves significantly increased in both C and B groups (p < 0.05), and it was 4.1% higher in C group than B group. In CB group, relative electric conductivity was the highest. Chlorophyll content was significantly reduced in B group (p < 0.05) than the control group, and no significant difference was observed between CK and C group. Chlorophyll content was the lowest in CB group.
The Effect of Cu 2+ on ATPase Activity in Seedlings under Enhanced UV-B
The effect of Cu 2+ and UV-B on ATPase activity varied with their location. In C group, the activity of ATPase located in plasma membrane of seedling root was significantly lower than the control group (p < 0.05), and it was not significantly different between B and control group (p > 0.05). In CB group, the activity of ATPase was the lowest, which was 26.8% lower than C group, and significantly lower than the control and B group (p < 0.05). As for ATPase located in thylakoid membrane, their activities significantly decreased in B group (p < 0.05), and no significant difference appeared between C group and control (p > 0.05). The ATPase in CB group were the lowest which was 48.8%, 45.2% and 29.3% lower than the control, C and B groups, respectively (Figure 2 ).
Discussion
During the long evolution process, plants have evolved inducible mechanisms to defend themselves from environmental concerns, including metabolic and morphological changes. The present study showed enhanced UV-B and Cu 2+ appeared to have adverse effects on wheat seedlings. However, the mechanisms underlying varied. Dwarfed wheat seedling height and decreased leaf elongation might well serve to diminish the enhanced UV-B irradiation, which might influence photosynthesis and reduce photosynthetic accumulation; while Cu 2+ enters plants mainly through the root system, so the significantly decreased root number and root length might be the main adaptive ways to excessive Cu 2+ . Under field conditions, under-ground parts, such as seeds and roots are protected from UV-B irradiation, consequently, damage from ultraviolet light is minimal. In our study, enhanced UV-B hindered the root development; we owed it to the root exposure to UV-B. However, the root development recovered under CB group, we speculated that UV-B and Cu 2+ might have antagonistic effect on root growth.
Under enhanced UV-B, yellow spots or streak appeared in the treated leaves, the biomacromolecules such as certain proteins can absorb ultraviolet-B, but when the UV-B is too strong and beyond the plant tolerant capacity, the excessive UV-B light might injure the chloroplast and cause the reduction of chlorophyll content [16] , while it was not the case in Cu 2+ group where no significant chlorophyll content difference appeared compared to the control group.
The target of UV-B radiation is the membrane [17] , which can be damaged by increased reactive oxygen species (ROS) in the plant cell [18] [19] . In our investigation, membrane permeability was enhanced in both B and C groups. We speculate that the membrane can be damaged in various pathways. Among them, UV-B light beyond the cellar proteins' absorption capacity damaged the cell membrane in B group, or Cu 2+ absorption by root cells and then partially transported to leaves in C group. Previous study demonstrated that excessive Cu 2+ leads to root cell membrane oxidative system damage [20] , which can explain the significant reduction of ATPase activity in plasma membrane of seedling root. Enhanced ultraviolet-B resulted in adaptive changes on photosynthetic apparatus such as thylakoid membrane [21] . The ATPase of chloroplasts is an important enzyme that provides energy for the cell to use through the synthesis of ATP which is the most commonly used "energy currency" of cells in most organisms. ATPase activity of chloroplasts was significantly inhibited under UV-B radiation, which implied that the ATP production might be hindered. Furthermore, ATPase in root cell membrane was less sensitive to UV-B, but their activity was declined too. Our results also proved that combined Cu 2+ and UV-B caused more adverse effects on wheat seedlings than either of them alone except for root development.
